The cardiac troponin I (cTnI) R145W mutation is associated with restrictive cardiomyopathy (RCM). Recent evidence suggests that this mutation induces perturbed myofilament lengthdependent activation (LDA) under conditions of maximal protein kinase A (PKA) stimulation. Some cardiac disease-causing mutations, however, have been associated with a blunted response to PKA-mediated phosphorylation; whether this includes LDA is unknown. Endogenous troponin was exchanged in isolated skinned human myocardium for recombinant troponin containing either cTnI R145W, PKA/PKC phosphomimetic charge mutations (S23D/S24D and T143E), or various combinations thereof. Myofilament Ca 2؉ sensitivity of force, tension cost, LDA, and single myofibril activation/relaxation parameters were measured. Our results show that both R145W and T143E uncouple the impact of S23D/S24D phosphomimetic on myofilament function, including LDA. Molecular dynamics simulations revealed a marked reduction in interactions between helix C of cTnC (residues 56, 59, and 63), and cTnI (residue 145) in the presence of either cTnI RCM mutation or cTnI PKC phosphomimetic. These results suggest that the RCM-associated cTnI R145W mutation induces a permanent structural state that is similar to, but more extensive than, that induced by PKC-mediated phosphorylation of cTnI Thr-143. We suggest that this structural conformational change induces an increase in myofilament Ca 2؉ sensitivity and, moreover, uncoupling from the impact of phosphorylation of cTnI mediated by PKA at the Ser-23/Ser-24 target sites. The R145W RCM mutation by itself, however, does not impact LDA. These perturbed biophysical and biochemical myofilament properties are likely to significantly contribute to the diastolic cardiac pump dysfunction that is seen in patients suffering from a restrictive cardiomyopathy that is associated with the cTnI R145W mutation.
formally recognized, including dilated cardiomyopathy, hypertrophic cardiomyopathy (HCM), 2 and restrictive cardiomyopathy (RCM) cardiomyopathy. Numerous mutations in sarcomeric proteins have been identified that associate with, and may indeed be causal to, inherited cardiomyopathy, notably the giant elastic protein titin (TTN) in dilated cardiomyopathy (2) and myosin heavy chain (MYH7) and myosin-binding protein C (MYBPC3) in HCM (3) . RCM is a rare form of cardiomyopathy characterized by severe diastolic dysfunction secondary to significant increased ventricular diastolic stiffness but without the prominent increase in wall thickness that is commonly seen in HCM (4) . RCM is associated with a poor prognosis (1) , and the inherited form is believed to be caused by mutations in various sarcomeric proteins, including cardiac troponin I (TNNI3) (5) .
Troponin-I (TnI) is the inhibitory component of troponin, the trimeric thin filament-associated protein complex that mediates calcium-initiated contraction in striated muscle (see Fig. 1 ). The molecular mechanism underlying this action is believed to be detachment of the inhibitory peptide (IP) domain of TnI from its binding site on actin upon binding of activating Ca 2ϩ ions to troponin C (TnC) (6) . The latter event induces an increased affinity between the N-terminal regulatory domain of TnC and the switch peptide (SP) domain of TnI. The cardiac TnI (cTnI) SP domain is located in a region just N-terminal from the IP domain (6) . Threonine 143 (Thr-143), a residue that lies in the center of the IP domain in cTnI, is a substrate for members of the protein kinase C family. This residue has been shown to play a critical role in sarcomere length modulation of cardiac myofilament function, the cellular basis of the FrankStarling law of the heart (7). Phosphorylation at this target is reported to be altered in human heart failure (8) . Mutations of arginine 145 (Arg-145), just two residues N-terminal from this PKC target (see Fig. 1 ), have been identified as causal to both HCM (R145G and R145Q) and RCM (R145W) (9 -12) . These HCM and RCM mutations have been characterized both for their in vitro and in vivo impacts, albeit more extensively for the R145G HCM mutation; the general consensus is that the RCM R145W mutation induces the most severe phenotype, at least in vitro, that manifests as an increase in myofilament Ca 2ϩ sensitivity that is greater than that seen for either the R145G or R145Q HCM mutation (9 -12) . The drastic increase in myofilament Ca 2ϩ sensitivity associated with the R145W mutation is speculated to cause an inability of actomyosin cross-bridges to fully disengage throughout diastole. That phenomenon may explain the increased ventricular diastolic stiffness and consequent severe diastolic dysfunction that is commonly seen in patients that carry this specific RCM-associated mutation despite the absence of ventricular hypertrophy or altered systolic function (1) .
A recent study reported that some sarcomeric contractile protein mutations perturb myofilament length-dependent activation (LDA) (13) . In that comprehensive study, cardiac muscle samples from a large cohort of patients harboring a wide range of confirmed HCM/RCM-associated sarcomeric protein mutations were compared with mutation-negative or donor control samples (13) . The HCM/RCM samples displayed reduced contractile protein phosphorylation profiles, a finding that is consistent with previous reports on human cardiomyopathies (14) . In many cases, but notably not all, depressed LDA was reversed by treatment of the skinned myocytes with protein kinase A (PKA). Cardiac LDA has been shown to be modulated by contractile protein phosphorylation by most (7, (15) (16) (17) (18) although not all (19, 20) reports. Moreover, selective introduction of a PKA phosphomimetic isoform of cTnI into the cardiac sarcomere increases LDA (15, 17, (21) (22) (23) (24) , a finding we confirm in the present study on isolated multicellular skinned human myocardium. Sequeira et al. (13) concluded that perturbed LDA in human HCM/RCM is due to (i) reduced PKA activity and the associated contractile protein hypophosphorylation or (ii) in cases where PKA treatment was unable to restore LDA toward control levels by other as of yet undetermined molecular mechanisms. The latter group prominently included the cTnI R145W RCM-associated mutation studied here.
Some cardiac disease-causing mutations have been shown to cause a blunting of the myofilament Ca 2ϩ desensitization that is normally associated with PKA-mediated phosphorylation (22, 25, 26) . Accordingly, it is plausible that the perturbed length sensitivity reported for the R145W mutation (13) resulted from such a "PKA uncoupling" phenomenon as opposed to a primary and direct impact of the mutation on sarcomeric LDA. The aim of the present study was to test this hypothesis. Endogenous troponin was exchanged in isolated skinned human myocardium for recombinant troponin containing the cTnI R145W RCM mutation, PKA/PKC phosphomimetic charge mutations (S23D/S24D and T143E), or various combinations of these residue substitutions. Phosphomimetics were chosen in the present study because kinase-mediated genuine residue phosphorylation is generally only possible in limited situations, such as those involving reconstituted protein or peptide systems and unique kinase-specific target sites. Myofilament Ca 2ϩ sensitivity of force, tension cost, LDA, and single myofibril activation/ relaxation kinetic parameters were measured in the troponinexchanged muscle preparations. Our results show that both R145W and T143E uncouple the impact of S23D/S24D phosphomimetic on myofilament function, including myofilament FIGURE 1. Cardiac troponin structure, exchange, and functional measurements. A, structure of troponin based on the crystal structure by Takeda et al. (46) . cTnI is shown in red, cTnC is shown in blue, and cTnT is shown in orange. Ca 2ϩ ions (solid balls) are shown bound to the high affinity sites and the single cardiac low affinity at Site II. The locations in cTnI of the PKA (Ser-23/Ser-24) and protein kinase C (Thr-143) phosphorylation motifs and the RCM mutation (R145W) are as indicated. B, endogenous troponin (Endo-) was exchanged for recombinant human troponin (Exo-) containing either WT, RCM mutation, or PKA/PKC phosphomimetic cardiac troponin I. Inclusion of an N-terminal myc tag in cTnT allowed for separation of the endogenous and exogenous cTnT on SDS-PAGE/Western blotting using a cTnT-specific antibody (bottom gels), whereas anti-␣-actinin Western blotting was used as a loading control (upper gels). Exchange for recombinant troponin (in this case WT or RCM) resulted in ϳ68% exchange (bar plots; mean Ϯ S.E.; WT, n ϭ 8; RCM, n ϭ 12). The image shows an example of a confocal microscopy scan of a WT recombinant troponin-exchanged muscle probed with a myc-specific primary antibody followed by a mouse Alexa Fluor-488 secondary antibody; the double banded pattern indicates incorporation of the recombinant troponin into the thin filaments on either side of the Z-disk. C, force- [Ca 2ϩ ] relationships (n ϭ 12) recorded on WT recombinant troponin-exchanged isolated skinned multicellular human cardiac muscles at short (SL ϭ 2.0 m; red) and long (SL ϭ 2.3 m; green) sarcomere lengths. Force was either normalized to muscle cross-sectional area and expressed as millinewtons (mN)/mm 2 (left panel) or normalized to maximum force in each individual muscle (right panel). An increase in SL induced both an increase in maximum force and an increase in myofilament Ca 2ϩ sensitivity, indicative of myofilament LDA. Data are presented as mean Ϯ S.E. Error bars reflect S.E. IB, immunoblotting.
Ca
2ϩ sensitivity, single myofibril relaxation dynamics, and LDA. Moreover, the presence of the cTnI R145W mutation eliminated the ability of either PKC␣ or PKC⑀ to phosphorylate the cTnI Thr-143 target residue but notable not PKA-mediated phosphorylation at the cTnI Ser-23/Ser-24 targets. Molecular dynamics (MD) simulations revealed a marked reduction in the interactions between cardiac troponin C (cTnC) helix C (residues 56, 59, and 63) and cTnI (residue 145) in the presence of either the RCM mutation or PKC phosphomimetic in cTnI.
Our results suggest that the RCM-associated cTnI R145W mutation induces a structural state that is similar to, albeit more extensive than, that induced by PKC-mediated phosphorylation of cTnI Thr-143. This structural conformational change induces increased myofilament Ca 2ϩ sensitivity and uncoupling from the impact of cTnI PKA-mediated phosphorylation. However, the structural impact does not include (directly) myofilament length-dependent activation. These altered biophysical and biochemical cardiac myofilament properties are likely to significantly contribute to the diastolic cardiac pump dysfunction that is seen in cTnI R145W RCM patients. ] relationships recorded on troponin-exchanged multicellular skinned human muscles containing wild-type (WT) (black circles), RCM (green squares), PKC (red up triangles), or PKA (blue down triangles) cTnI. These data confirm, in the human sarcomere, that the R145W RCM mutation induces a drastic increase in myofilament Ca 2ϩ sensitivity. In contrast, the PKC phosphomimetic at residue Thr-143 induced a relatively modest increase in myofilament Ca 2ϩ sensitivity, consistent with previously reported data in skinned human single myocytes (23) . Conversely, the PKA phosphomimetic at residues Ser-23/Ser-24 induced a significant desensitization of the multicellular skinned human muscles, consistent with previous reports in both rodent (15-17, 22, 24) and human (21, 23) ] relationships recorded on muscles that were exchanged with troponin that contained within cTnI combinations of either the RCM disease mutation or the PKA/PKC charge mutations or PKA ϩ PKC as compared with the WT troponin exchange (the WT data are transcribed from Fig. 2A , black circles). Presence of the R145W mutation rendered the human cardiac sarcomere relatively unresponsive to the simultaneous presence of either the PKC (orange squares) or PKA (purple up triangles) phosphomimetic charge mutation. Likewise, introduction of the PKC phosphomimetic virtually eliminated the desensitization that otherwise occurred upon introduction of the PKA phosphomimetic (brown down triangles). The relatively large (ϩ1.3 M) desensitization that was seen upon introduction of the PKA phosphomimetic alone was no longer observed upon the simultaneous additional introduction of either the RCM mutation (ϩ0.1 M) or the PKC phosphomimetic (ϩ0.3 M). Likewise, the modest increase in calcium sensitivity (Ϫ0.4 M) induced by introduction of the PKC phosphomimetic was markedly reduced (Ϫ0.04 M) in the presence of the RCM mutation. These data support the notion that both the RCM-associated disease mutation and, to a slightly lesser extent, the PKC phosphomimetic "uncouple" the impact of PKA-mediated cTnI Ser-23/Ser-24 phosphorylation on (human) myofilament function.
Results

Impact of Isolated PKA/PKC/RCM on Myofilament Ca
Myofilament Length-dependent Activation InteractionsThe impact of sarcomere length (SL) on myofilament function is illustrated in Fig. 1C (in this case, WT troponin-exchanged muscles), confirming myofilament LDA in the multicellular (i.e. "trabecula-like") isolated human skinned muscles used in the present study. The average fit parameters obtained in all experimental groups are summarized in Fig. 3 . The PKA phosphomimetic introduced at residues Ser-23/Ser-24 induced a significant increase in myofilament LDA (as indexed by the ⌬EC 50 parameter (Fig. 3A, right panel) ), consistent with previous reports in both rodent (15, 17, 22, 24) and human (21, 23) isolated myocardium. However, in contrast to overall Ca 2ϩ sensitivity (Fig. 3A, left panel) , myofilament LDA was not affected by the introduction of the R145W mutation (RCM). Simultaneous introduction of the PKA phosphomimetic (RCM ϩ PKA) induced a slight, but significant, reduction in LDA compared with WT exchange. Moreover, introduction of the PKC phosphomimetic alone was without impact on LDA, consistent with a previous report on skinned human single myocytes (23), as was the combined introduction of either PKC ϩ PKA or RCM ϩ PKC. Note that the latter combination is unlikely to occur physiologically due to the destruction of the PKC phosphorylation motif in R145W (see below). Thus, presence of the T143E phosphomimetic rendered myofilament LDA insensitive to the presence of the Ser-23/Ser-24 phosphomimetic. Moreover, in the presence of the RCM mutation, introduction of the PKA phosphomimetic induced an opposite response, that is a reduction in LDA, albeit at greatly reduced magnitude (ϩ0.6 M WT versus WT ϩ PKA; Ϫ0.04 M RCM versus RCM ϩ PKA). That is, introduction within the cTnI IP domain of either RCM mutation or PKC phosphomimetic effectively "uncoupled" the physiological response that is otherwise observed upon introduction of the PKA phosphomimetic.
Maximum Force, Tension Cost, and Cooperativity of Force- , there were no differences in ⌬F max between the experimental groups ( Fig. 3B , right panel) or in tension cost, an index of actomyosin cross-bridge detachment rate (Fig. 3C, left panel) . These data indicate that the PKA/PKC phosphomimetics and the RCM mutation affect myofilament function primarily by their impacts on thin filament Ca 2ϩ regulation, not by alterations in the kinetics of the actomyosin cross-bridge cycle. This conclusion is further supported by the rate of rapid release-restretch force redevelopment (k tr ) data obtained from single myofibril experiments (see below). Finally, presence of the RCM mutation induced a modest reduction in the n H parameter, the steepness of the force- [Ca 2ϩ ] relationship that indexes cooperative myofilament activation (Fig. 3C, right panel) . This small, albeit significant, decrease in n H was observed irrespective whether the PKA or PKC phosphomimetic was co-introduced with the RCM mutation.
Single Myofibril Activation/Relaxation Kinetics-The single myofibril technique allows for measurement of dynamic Ca 2ϩ activation/relaxation kinetics of force (27) (28) (29) . In addition, following Ca 2ϩ activation when steady-state activation was reached, a rapid release-restretch maneuver was imposed to measure k tr , an index that is proportional to the sum of the apparent cross-bridge attachment and detachment rates (30, 31) . The rates of Ca 2ϩ activation (k Ca ) and k tr were similar in the present study in all experimental groups, consistent with previous reports (29) . This finding indicates that the dynamics of Ca 2ϩ binding to cTnI and the subsequent thin filament activation are sufficiently fast to not be rate-limiting for force development. There were no differences between the experimental groups for either the k Ca or the k tr parameter (Fig. 4A ), indicating that neither the RCM mutation nor the PKA/PKC phosphomimetics directly affect actomyosin cross-bridge cycling kinetics. Upon the rapid removal of activating Ca 2ϩ , force relaxation has been shown to proceed in two distinct phases: (i) an initial slow and close to linear phase, which is likely related to the initial detachment rate of mechanically loaded cross-bridges, followed by (ii) a rapid pseudo-exponential phase, which likely reflects rapid detachment of cross-bridges induced by sarcomere length inhomogeneity (29) . Here we confirm this phenomenon in the troponin-exchanged human single myofibrils as is illustrated in Fig. 4B . There were no differences in the rapid phase of force relaxation between the experimental groups (data now shown). The rate of the linear phase of force relaxation (k lin ) was slower in the presence of the RCM mutation but only upon the additional introduction of the PKA phosphomimetic (Fig. 4C, left panel) . Introduction of the PKA phosphomimetic alone significantly reduced the duration of the slow linear relaxation phase (T lin ), whereas introduction of the RCM mutation together with the PKA phosphomimetic significantly prolonged T lin . Likewise, the PKA uncoupling phenomenon seen for EC 50 and ⌬EC 50 ( Fig. 3A) was also apparent for the T lin slow force relaxation parameter (Fig. 4C ). The duration of the slow force relaxation phase is determined by the time at which an abrupt transition takes place where marked sarcomere length inhomogeneity, caused by alternating stretches and releases of individual serially connected sarcomeres, induces rapid relaxation. The T lin parameter is presumed to reflect the tendency of an ensemble of attached cross-bridges to resist detachment (29) and may be related to myofilament length-dependent activation.
In Vitro PKC␣-, PKC⑀-, and PKA-mediated Phosphorylation-The R145W mutation involves replacement of a positively charged arginine by a relatively bulky neutral tryptophan positioned just two residues N-terminal to the Thr-143 PKC phosphorylation target site. Hence, it is possible that this mutation may disrupt the PKC phosphorylation motif. The data shown in Fig. 5 indicate that this is indeed the case both for PKC⑀ (Fig. 5A ) and for PKC␣ (Fig. 5B) but notably not the phosphorylation of Ser-23/Ser-24 mediated by PKA (Fig. 5C ). That is, presence of the RCM mutation effectively renders the Thr-143 PKC target site phospho-null, and therefore the recombinant RCM ϩ PKC cTnI construct that we tested in the present study, although of interest in itself, is nevertheless physiologically unlikely to occur in vivo.
Molecular Dynamics Simulation-To shed light on the possible molecular mechanisms underlying the impact of the RCM mutation, we conducted MD simulations of troponin in the presence of either cTnI T143E or cTnI R145W. Data were averaged over the course of the last 100 ns in production runs for three independent MD simulation runs. Fig. 6 shows differential contact map profiles between the cTnI IP/SP domains (ordinate) and cTnC (abscissa) in the presence of the PKC phosphomimetic (Fig. 6A) or the RCM mutation (Fig. 6B) ; in both panels, after the WT contact map is subtracted, the differential map is displayed in a color map where blue represents a decrease and red represents an increase in contact frequency. We defined contact based on the distance between residues; 5 Å was used as the cutoff. Fig. 6C summarizes the average contact frequencies recorded among the three cTnC helix C residues. Contacts significantly decreased upon introduction of the T143E PKC phosphomimetic and were virtually eliminated in the presence of the RCM mutation. The reduced interaction frequency between cTnI residue 145 and the cTnC helix C residues may also explain a trend toward increased mobility that was noted in the low affinity Ca 2ϩ binding domain of cTnC (data not shown).
Discussion
In the present study, we investigated the RCM-associated mutation cTnI R145W in terms of in vitro human myofilament function and the interaction with PKA/PKC-mediated cTnI phosphorylation. The main new findings of our study are that human cTnI R145W 1) by itself induces a modest increase in maximum Ca 2ϩ -saturated force development, a drastic increase in myofilament Ca 2ϩ sensitivity, and prolonged/ slowed kinetics of force relaxation; 2) disrupts the cTnI Thr-143 PKC phosphorylation motif; 3) uncouples the functional impact of cTnI PKA-mediated phosphorylation, 4) by itself does not affect myofilament LDA, and 5) disrupts structural protein/protein interactions between the cTnI IP domain and the C-Helix domain of cTnC as determined by MD simulation.
Sarcomeric mutations associated with familial HCM or RCM are frequently associated with increased Ca 2ϩ sensitivity in reconstituted in vitro protein assays (12, (32) (33) (34) , at the isolated myofilament level (9 -11, 26, 35) , or in human samples (13) . Three separate mutations have been identified in cTnI at residue 145; two (R145G and R145Q) are associated with HCM, and one (R145W) is associated with RCM. As noted above, although all three mutations were reported to increase myofilament Ca 2ϩ sensitivity, this was most severe for the R145W RCM-associated mutation (9 -12). To our knowledge, this is the first report in which human recombinant R145W-contain- ] from pCa ϭ 10 to pCa ϭ 4.5 (k Ca ; left panel) and the rate of force redevelopment following a rapid release-restretch maneuver during steadystate force development (k tr ). There were no significant differences between the experimental groups, indicating that neither RCM nor PKA/PKC directly affect cross-bridge cycle kinetics. B, original recordings of force relaxation upon a rapid switch of bathing [Ca 2ϩ ] from pCa ϭ 4.5 to pCa ϭ 10. Force relaxation took place in two distinct phases, a slow almost linear decline followed by a rapid pseudo-exponential decline back toward baseline (indicated by the thin horizontal lines); note that the force traces have been offset vertically to aid visualization of the individual traces. Two parameters of the slow force relaxation, k lin and the T lin , were measured as indicated; the rate of fast relaxation was estimated by exponential fit of the force data (not shown). C, average slow force relaxation fit parameters (k lin and T lin ). Experiments were performed at 15°C. Data are presented as mean Ϯ S.E. *, p Ͻ 0.05 versus WT (RCM, n ϭ 7; all other groups, n ϭ 6). Error bars reflect S.E.
Human cTnI R145W Mutation and LDA OCTOBER 7, 2016 • VOLUME 291 • NUMBER 41 ing troponin was exchanged for endogenous troponin in the human sarcomere. The results of this study are generally consistent with those from in vitro reconstituted protein and isolated experimental animal skinned myocardium studies, including the drastic increase in Ca 2ϩ sensitivity (9) . Either a decrease (9) or, as in the present study, an increase (36) in maximum force development has been reported for the RCM-associated cTnI R145W mutation; most reports on the HCM-associated cTnI R145G mutation show a decrease in this parameter (10, 11, 35, 37) . Whether this reflects a genuine difference between the HCM-associated R145G mutation and the R145W RCM-associated mutation that we examined in the present study remains to be determined. The slight increase in maximum force persisted in the simultaneous presence of the PKA but notably not the PKC phosphomimetic (Fig. 3B) . Likewise, the cooperativity of force development was reduced in the presence of the RCM mutation regardless of simultaneous presence of either PKA or PKC phosphomimetic (Fig. 3C) . These data suggest an impact of the RCM mutation on actomyosin interaction kinetics and/or interactions between attached and forcegenerating cross-bridges. However, the absence of alterations in either the tension cost (Fig. 3C) or the k Ca and k tr parameters (Fig. 4A) suggests that actomyosin cycling kinetics were not affected by this mutation. Hence, the molecular mechanisms underlying the impact of the RCM mutation on maximum force development and the cooperativity of force development are not clear at this time, and further mechanistic insights are difficult to derive from the present study. Regardless, our results demonstrate that the presence of R145W within the IP domain of cTnI in the human sarcomere, by itself, is sufficient to induce a drastic increase in myofilament Ca 2ϩ sensitivity, a modest increase in maximum force development, and a modest decrease in the cooperativity of Ca 2ϩ activation. None of the residue substitutions within cTnI affected (i) the kinetics of force development or force redevelopment in single myofibrils or (ii) tension cost in multicellular skinned preparations. Similar single rodent myofibril kinetic data were previously reported for the R145G HCM mutation (26, 35) . These results indicate that neither the RCM mutation nor the phosphomimetic substitutions affect actomyosin cross-bridge cycling kinetics. Rather, and combined with the force relaxation data discussed below, it appears that these cTnI modifications predominantly operate via modulation of thin filament regulatory processes. Moreover, the rate of Ca 2ϩ -induced force development was similar to the rate of force redevelopment at steady-state maximum Ca 2ϩ activation, consistent with most (29, 38) but not all (26) previous reports. The implication of this observation is that the kinetics of actomyosin cross-bridge FIGURE 5 . Impact of the R145W RCM mutation on PKC-and PKA-mediated phosphorylation. The ability of PKC or PKA to phosphorylate recombinant human troponin was tested in vitro. Human recombinant troponin (250 g/ml) was treated for 120 min at 37°C with either PKC⑀ (A), PKC␣ (B), or PKA (C) using 0 -10 g/ml kinase protein as indicated (b represents boiled in A). The reaction was quenched by addition of SDS sample buffer. Western blots were probed for TnT (top gels; loading controls) or site-specific phosphoantibodies (bottom gels) against Thr(P)-143 (PKC; A and B) or cTnI Ser(P)-23/Ser(P)-24 (PKA; C). Presence of the RCM mutation rendered the Thr-143 PKC phosphorylation motif inactive but notably not the Ser-23/Ser-24 PKA motif. These experiments were performed in triplicate.
cycling are rate-limiting for force development and that the kinetics of Ca 2ϩ thin filament regulation must be much faster. Introduction of R145W ϩ PKA into cTnI induced reduced kinetics of force relaxation in the single myofibrils, a phenomenon that has also previously been reported for the R145G HCM-associated mutation in rodent single myofibrils (26) . Introduction of the PKA S23D/S24D phosphomimetic alone accelerated relaxation kinetics, consistent with results reported for rodent single myofibrils (26) . We previously reported unaltered relaxation kinetics in human single myofibrils upon treatment with PKA (27), a finding seemingly inconsistent with the present findings on human myofibrils. However, PKA treatment results in phosphorylation of not only cTnI but also myosin-binding protein C and titin. The impact of PKA-mediated phosphorylation of those target residues on relaxation kinetics is not known, but those alternate phosphorylation events may explain the different results obtained in the present study.
Neither Ca 2ϩ activation kinetics, force redevelopment kinetics, nor tension cost was impacted by cTnI R145W. Therefore, it is likely that the impact on force relaxation kinetics seen here in the single myofibril was the result of altered thin filament regulation. Regardless of the underlying molecular mechanism, slowed and delayed force relaxation coupled with the drastic increase in myofilament Ca 2ϩ sensitivity is likely to contribute to relaxation abnormalities at the level of the whole heart and may additionally lead to persistent cross-bridge activity throughout the diastolic phase of the cardiac cycle. Both myofilament-based phenomena are expected to induce the diastolic cardiac pump dysfunction that is seen in RCM patients in the notable absence of ventricular hypertrophy.
Presence of the R145W RCM mutation rendered the human sarcomere unresponsive to charge phosphomimetic mutations introduced at Ser-23/Ser-24. Similar "uncoupling" has previously been reported for a range of sarcomeric mutations both in isolated skinned muscle (22, 25, 26) and for in vitro reconstituted protein biochemical studies (34) . Here, we demonstrate that a similar uncoupling phenomenon exists in the human sarcomere and with regard to myofilament LDA. In WT troponin-exchanged myocardium, treatment with PKA or introduction of the PKA S23D/S24D phosphomimetic induced a large increase in LDA, consistent with previous reports by others (24) and us (15) . We recently reported that increased LDA upon PKA phosphorylation results from independent contributions by myosin-binding protein C (ϳ65%) and cTnI (35%), whereas PKA-mediated phosphorylation of titin appears to decrease LDA (15) . The latter is most likely due to increased titin compliance upon PKA-mediated phosphorylation. Titin strain directly impacts myofilament Ca 2ϩ sensitivity via straindependent modulation of thick and thin filament structure via an unknown molecular mechanism (39) . Isolated human myocardium presents with variable levels of phosphorylation at the PKA target sites and, moreover, in cardiac diseases is often associated with significant reduction of PKA activity. Consequently, PKA-mediated contractile protein phosphorylation is expected to be substantially reduced in cardiac disease. Therefore, to allow comparisons to be made between different samples, PKA treatment is often used to maximally phosphorylate all contractile protein PKA target residues, some of which may actually induce opposite myofilament functional effects. Here we circumvented that confounding factor by using recombinant troponin exchange on skinned muscle derived from a single human donor cardiac left ventricular septum sample. Thus, all experiments were performed on an identical sarcomere structure and phosphorylation status; moreover, we selected a sample with relatively low contractile phosphorylation as judged by ProQ Diamond SDS-PAGE. Using this approach, we found no direct impact of RCM cTnI R145W on myofilament LDA. Rather, the mutation induced a virtually complete PKA uncoupling such that the normal PKA-induced increase in LDA was no longer observed. Of interest, introduction of the PKC phosphomimetic at residue 143 likewise induced such uncoupling. Of note, both R145W and T143E introduce a relative negative charge alteration within the cTnI IP domain and may, FIGURE 6 . Interaction between cTnC and cTnI. Contact maps between cTnC (abscissa) and cTnI (ordinate) simulated for the PKC phosphomimetic (A) or the RCM mutant (B) were calculated from three independent production runs. In each panel, a differential map is constructed by subtracting the WT contact map and subsequently color-coded such that blue represents a decrease and red represents an increase in contact frequency. C summarizes contact frequencies between cTnI residue 145 and cTnC helix C Glu-56, Glu-59, and Glu-63 as indicated by the lightly shaded colored bars. PKC phosphomimetic significantly reduced contact between these residues, whereas the RCM R145W mutation virtually eliminated all contacts.
therefore, share the same molecular pathway (see below). We demonstrate here that the cardiac TnI RCM-associated R145W mutation renders the cTnI Thr-143 target inaccessible to PKCmediated phosphorylation. Hence, patients carrying this mutation are unable to modulate sarcomere function via PKC phosphorylation at this target site. Of note, both PKC phosphorylation and the RCM R145W mutation increased myofilament calcium sensitivity, but the shift was much larger for the RCM mutation. Thus, our data indicate that either introduction of a negative charge at the Thr-143 residue or the neutral charge introduced for the positive residue by the RCM mutation at residue 145 significantly blunts (or sometimes even reverses) the impact of PKA-mediated phosphorylation on both calcium sensitivity and myofilament LDA. Thus, these data suggest that a physiological function of PKC phosphorylation at Thr-143 may be to disengage the physiological impact of PKAmediated phosphorylation on myofilament function. However, unlike the phosphorylation event on the Thr-143 residue that can be reversed by protein phosphatase action, the R145W mutation is permanent, and its impact, therefore, is physiologically irreversible. Hence, presence of the R145W mutation nullifies the ability to "activate" PKA modulation by dephosphorylation of Thr-143.
To provide structural insight into potential molecular mechanisms, we performed MD simulations of troponin containing WT, R145W, or T143E residue substitutions. In general, upon introduction of either R145W or T143E, we observed increased mobility of cTnC within the low affinity Site II Ca 2ϩ binding domain. Of note, previous MD simulations have reported altered intramolecular interactions within cTnI between the N terminus and the IP domain upon introduction of the PKA S23D/S24D phosphomimetic, and this was disrupted by the presence of the HCM-associated cTnI R145G mutation (26, 40, 41) . However, we did not see such intramolecular interactions in preliminary MD simulation runs. This preliminary result is consistent with a recent MD study by Gould and co-workers (42) who reported that this intramolecular interaction is both rare and not affected by PKA-mediated phosphorylation. Accordingly, we focused instead on the impact of R145W and T43E on dynamic interactions between cTnI residue 145 and helix C of cTnC (residues Glu-56, Glu-59, and Glu-63). We found a marked reduction in the interaction frequency between these residues upon replacement of (i) the positively charged arginine residue (Arg-145) with a neutral tryptophan or (ii) the neutral threonine residue (Thr-143) with a negatively charged aspartic acid. Both substitutions caused substantial reductions in interaction frequency between cTnI and cTnC at these residues (Fig. 6) . These results may explain the observed increases in myofilament Ca 2ϩ sensitivity (modest for T143E and drastic for R145W). Fig. 7 shows snapshots from the MD simulation for WT (Fig. 7A ), T143E phosphomimetic (Fig. 7B) , and R145W mutation (Fig. 7C) . Both T143E and to an even greater extent R145W induce a movement of residue 145 (and the surrounding IP domain) away from helix C in cTnC and a straightening out of this section of the cTnI IP domain. It is possible that this is the result of a disruption of the interactions between the negative glutamic acids (Glu-56, Glu-59, and Glu-63) in cTnC helix C and the positive arginine (Arg-145) on cTnI in WT.
Introduction of a negatively charged glutamic acid at residue 143, close to Arg-145, may provide a repellent force sufficiently large to also blunt the interactions between cTnC helix C and Arg-145. This would explain the similar, albeit of different magnitude, functional impact of either T143E or R145W at the myofilament level. How such a destabilization of the cTnI IP domain leads to increased myofilament Ca 2ϩ sensitivity and, possibly, increased cTnC Ca 2ϩ binding (26) cannot be determined from these MD simulations. Likewise, how introduction of either T143E or R145W within cTnI disrupts PKA-induced modulation of LDA cannot be determined from our MD simulations.
Several limitations need to be considered in interpreting our results. First, we relied on charge phosphomimetics to simulate the negative charge that normally accompanies protein phosphorylation. This approach has been used previously both by others and us (43) . In that study, similar results were obtained using either charge phosphomimetics or genuine phosphorylation (43) . The use of phosphomimetics for troponin is supported by MD simulations (40) . As mentioned, kinase-mediated genuine residue phosphorylation is generally only possible in limited situations, such as those involving reconstituted pro- Introduction of the negatively charged PKC phosphomimetic at cTnI position 143 causes this region of cTnI to sample structural states away from negatively charged Glu-56, Glu-59, and Glu-63 within the cTnC helix C domain. Replacing the positively charged arginine residue at cTnI position 145 by a neutral, relatively large tryptophan in the RCM-associated mutation further exacerbates the structural conformational changes in this region. We propose that these structural changes lead to increased myofilament Ca 2ϩ sensitivity and uncoupling of the functional impacts mediated by cTnI PKA phosphorylation.
tein or peptide systems. However, some reports have indicated differential functional impacts depending on whether glutamic acid or aspartic acid charge phosphomimetics were used (44) . Likewise, non-neutral functional impacts of the alanine substitution that is commonly used as a phospho-null phosphomimetic have been reported (44) . A major advantage of using a phosphomimetic substitution, however, is that it allows for site/ residue-specific insights regarding the functional impacts of phosphorylation post-translational modifications that could not otherwise be obtained. Because multiple PKA and PKC target residues reside within the cardiac sarcomere, experiments that rely on kinase treatment may be difficult to interpret. Second, although we accomplished Ͼ68% troponin exchange, we cannot be certain that residual endogenous troponin influenced our myofilament biophysical functional results. Likewise, the potential influence of post-translational modifications of other non-exchanged endogenous contractile proteins cannot be determined from the current study. However, use of a single human sample throughout the entire study ensured that comparisons between groups were derived from experiments that always started from an identical sarcomeric background prior to recombinant troponin exchange.
In conclusion, the restrictive cardiomyopathy-associated cTnI mutation R145W induced a drastic increase in myofilament Ca 2ϩ sensitivity. The mutation caused uncoupling from the impact of PKA phosphorylation but did not by itself affect myofilament length-dependent activation. The molecular mechanisms underlying this phenomenon appear to include altered interactions between the IP domain of cTnI and helix C of cTnC. The observed perturbed myofilament properties are likely to contribute significantly to the diastolic dysfunction that is seen in cTnI R145W RCM patients.
Experimental Procedures
Human Samples-Non-age/sex-matched, de-identified hearts were procured via the National Disease Research Interchange. The University of Michigan Institutional Review Board approved tissue procurement and processing, and the Institutional Review Board at Loyola University Chicago approved the protocol for the use of de-identified human donor hearts. Prior to explant, hearts were flushed with ice-cold cardioplegia solution and brought to the laboratory on ice Ͻ12 h postexplant. Sections of left ventricular tissue were then immediately frozen in liquid N 2 and stored at Ϫ80°C until use. Myofilament fractions of septal tissue samples were assayed by SDS-PAGE/ProQ Diamond staining. A single left ventricular septum sample (ϳ10 g), displaying relatively low levels of overall contractile protein phosphorylation, was selected and divided in ϳ50-mg aliquots while still frozen under liquid N 2 and again stored Ϫ80°C until further use. Adoption of this protocol assured that comparisons among the various groups in the present study were made on the basis of an invariable baseline sarcomere contractile protein status prior to troponin exchange.
Expression, Purification, and Reconstitution of Recombinant Troponin-The methods used to clone, express, and purify the troponins and reconstitution of the recombinant troponin complex have been previously described (45) . Briefly, human DNA clones of cTnC, myc-tagged cTnT, and various cTnI clones were transformed into Rosetta BL21(DE3) Escherichia coli bacteria (Novagen) and grown at 37°C overnight. The cTnI clones used were: WT, S23D/S24D (PKA), T143E (PKC), S23D/ S24D/T143E (PKA ϩ PKC), R145W (RCM), S23D/S24D/ R145W (RCM ϩ PKA), and T143E/R145W (RCM ϩ PKC). The locations of the phosphomimetic charge mutations and the RCM mutation within the cardiac troponin complex are illustrated in Fig. 1A (46) . High protein yield was achieved by isopropyl 1-thio-␤-D-galactopyranoside induction. Proteins were isolated by lysis and centrifugation followed by column chromatography purification (45) . Troponins were stored separately in 6 M urea buffer at Ϫ80°C. The troponin complexes were formed by mixing equimolar amounts of (WT or mutated) cTnI, cTnC, and myc-cTnT in 6 M urea, FPLC desalting, and finally FPLC purification (RecourceQ). Fractions containing the purified troponin complex were dialyzed to a final ionic strength of 180 mM in Ca 2ϩ -containing activating solution to which 50 mM BDM was added.
Skinned Multicellular Isolated Human Myocardium-Permeabilized human cardiac tissue was obtained as described previously (47) . Briefly, frozen tissue was cut into 2-4-mm pieces in ice-cold relaxing solution followed by homogenizing at low speed (1,000 rpm, 3 s) three times (Power Gen 700D, Fisher Scientific) in relaxing solution. The preparation was allowed to settle, and the supernatant was discarded after which the tissue was resuspended in relaxing solution. The tissues were permeabilized overnight in 2% Triton X-100 at 4°C. The tissues were then extensively washed in fresh ice-cold relaxing solution, stored on ice, and used within 8 h.
Exchange for Recombinant Troponin-Multicellular strips of skinned myocardium were selected for appearance under a dissecting microscope. Muscles were attached to aluminum T-clips on each end, slightly stretched, and next immobilized using insect needles pinned through the T-clips to the bottom of a Sylgard-coated well in a 96-well plate. The muscles were incubated for 3-4 h at room temperature in exchange buffer (100 l) that was composed of activating solution, 50 mM BDM (to prevent contraction), and 2.5 mg/ml troponin while gently agitating on an orbital shaker (ϳ1 rpm). Exchange at high free [Ca 2ϩ ] (ϳ30 M) and room temperature assured Ͼ65% exchange efficiency (see Fig. 1B ). Following exchange, muscles were washed three times with relaxing solution.
Western Blotting Analysis of Recombinant Troponin Exchange-The Western blotting method to measure the extent of recombinant troponin exchange has been reported previously (48) . Briefly, isolated skinned myocardium following exchange was washed one additional time with relaxing solution to which 2 mg/ml BSA was added to reduce unspecific binding of recombinant troponin. Next, muscles were solubilized in 8 M Tris, urea denaturing buffer, and 2ϫ Laemmli buffer was added. Total protein homogenates were separated by 10% SDS-PAGE (20 min, 80 V; 1 h, 140 V; room temperature) and blotted onto nitrocellulose membrane (2 h, 300 mA, 4°C). The presence of the myc tag on the N terminus of cTnT allows for separation from endogenous cTnT (see Fig. 1B ). Use of a panreactive cTnT antibody (CT3, Santa Cruz Biotechnology) allows for quantitative measurement of both endogenous cTnT and myc-tagged cTnT (which co-migrates with actin under these SDS-PAGE conditions) using the chemiluminescence approach (ECL, Bio-Rad). The exchange efficiency was calculated as the percentage ratio of exogenous myc-cTnT (top band) relative to total cTnT (top ϩ bottom bands), which was quantified using the ImageJ gel densitometry analysis toolkit. Presence of the N-terminal myc tag on cTnT has been shown to not affect the cardiac force- [Ca 2ϩ ] relationship (48) . The average exchange efficiency was ϳ68% for all groups (WT and RCM groups are shown in Fig. 1B) . The inset of Fig. 1B shows confocal analysis of a WT exchange muscle probed with a mouse anti-myc antibody followed by Alexa Fluor-488 mouse secondary antibody (Sigma); the double banded appearance in this image is consistent with selective troponin exchange into the thin filament of the cardiac sarcomere.
Simultaneous Measurements of Isometric Tension and ATPase Activity-Following troponin exchange, skinned muscles were attached to a force transducer (KG4A, World Precision Instruments, Sarasota, FL) and high speed length controller (model 315C, Aurora Scientific Inc., Ontario, Canada) via the aluminum T-Clips. Muscle dimensions were determined using an ocular micrometer mounted in the dissection microscope (resolution, ϳ10 m). SL was measured by laser diffraction as described previously (47) and adjusted to either 2.0 or 2.3 m. Isometric force and ATPase activity were measured at 25°C at various levels of Ca 2ϩ activation as described previously (47) . Briefly, the isolated muscle was exposed to a range of activating calcium via solutions obtained by appropriate mixing of activating and relaxing solutions, and the force generated and ATP consumed were measured simultaneously. The activating solution contained 20 mM Ca 2ϩ -EGTA, 1.55 mM potassium propionate, 6.59 mM MgCl 2 , 100 mM BES, 5 mM sodium azide, 1 mM DTT, 10 mM phosphoenolpyruvate, 0.01 mM oligomycin, 0.1 mM PMSF, and 0.02 mM A 2 P 5 as well as protease inhibitor mixture (Sigma). The relaxing solution was identical except it contained 20 mM EGTA, 21.2 mM potassium propionate, and 7.11 mMMgCl 2 . The preactivating solution was identical except it contained 0.5 mM EGTA, 19.5 mM HDTA, and 21.8 mM potassium propionate. All solutions contained 1.0 mg/ml pyruvate kinase and 0.05 mg/ml lactate dehydrogenase (Sigma) and had an ionic strength of 180 mM, 5 mM MgATP, and 1 mM free magnesium. ATPase activity was measured by a UV-coupled optical absorbance enzyme assay as described previously (47) . Force was normalized to muscle cross-sectional area and expressed as milliNewtons/mm 2 . ATPase activity was normalized to muscle volume (in mm 3 ) and expressed as pmol/ s/muscle volume. Tension cost was derived from the slope of the ATPase-force relationship, which yields a rate parameter (in s Ϫ1 ) that is proportional to the cross-bridge detachment rate (31) .
Single Myofibril Activation/Relaxation Kinetics-Single myofibrils were prepared as described previously (27, 28) . Briefly, overnight skinned muscle (prepared as above) was homogenized in ice-cold relaxing solution at 18,000 rpm for 9 s. After centrifugation (200 ϫ g), the myofibril pellet was resuspended in 100 l of exchange buffer containing 2.5 mg of recombinant troponin, 50 mM BDM, and ϳ50 M free Ca 2ϩ and placed on an orbital shaker (ϳ1 rpm) for 3-4 h at room temperature. After three washes with relaxing solution, myofibrils were kept at 4°C for up to 2 days until use. A droplet of myofibril suspension was placed into the experimental chamber for subsequent mounting to fire-polished glass microtools in relaxing solution containing 10 mM EGTA. The attached myofibril was then superfused with alternating solution streams of relaxing and activating solutions (1 mM EGTA) emanating from a double-barreled pipette (ϳ180 l/min) that was mounted on a translation stage capable of rapid (Ͻ5-ms) solution switches. This approach allows for the measurement of steady-state [Ca 2ϩ ]-saturated force as well as the rates of Ca 2ϩ -induced force activation and relaxation. Experiments were performed at SL ϭ 2.3 m. k Ca , k tr , and biphasic relaxation (k lin and the rapid pseudo-exponential phase) together with the T lin were analyzed by linear and exponential curve fitting using offline custom in house-written software (Labview). The compositions of bath, relaxing, and activating solutions were as described previously (28) . Single myofibril experiments were performed at 15°C.
PKA-and PKC-mediated Phosphorylation of Recombinant Troponin in Vitro-Recombinant troponin containing WT, PKC, PKA, or RCM cTnI was suspended in relaxing solution (250 g/ml) and treated with PKC␣, PKC⑀, or PKA (0, 1, or 10 g/ml) at 37°C for 120 min at which time the reaction was quenched by the addition of SDS sample buffer. Following SDS-PAGE and transfer to nitrocellulose membranes, Western blotting analysis (as above) was performed using the cTnT-specific antibody (CT3) as loading control, and phosphospecific antibodies against rabbit cTnI Ser-22/Ser-23 or cTnI Thr-144 (Abcam, Cambridge, MA).
Molecular Dynamics Simulations-The cardiac troponin model was based on the core crystal structure reported by Takeda et al. (46) and modified as described previously (26, 40, 41) . The troponin model contained cTnC residues 1-161, cTnI residues 1-171, cTnT residues 236 -285, and three Ca 2ϩ ions. The following cTnI mutations were introduced: T143E to mimic PKC-mediated phosphorylation and R145W, the RCMassociated mutation. MD simulations were performed with GROMACS (49, 50) using the CHARMM36 all-atom parameter set (51) and TIP3P water. After minimization, each model was solvated in a rhombic dodecahedron box of water with the size of the box chosen such that the minimal distance to the wall was 1.0 nm, resulting in a minimal distance between periodic images of at least 2.0 nm. Within cTnC, two Ca 2ϩ ions were placed at the high affinity sites, and a single Ca 2ϩ ion was placed at the low affinity binding site (Site II). K ϩ and Cl Ϫ ions were added to the solution to neutralize the charge of the system and to produce 150 mM ionic strength. 1,000 steps of minimization of both water and ions were performed with the protein backbone atoms restrained using a force constant of 1,000 kJ/mol/ nm 2 . The particle mesh Ewald method (52, 53) was used to calculate long range electrostatic interactions, whereas a cutoff of 12 Å was used for short range interactions. van der Waals interactions were reduced to zero by switch truncation that was applied between 10 and 12 Å. MD simulations were carried out with an integration time step of 2 fs. To heat the system from 0 K to the target temperature (300 K) and reach the target pressure (1 bar), the Berendesen method was used with 0.1-ps relaxation time (54) . After 1-ns equilibration, the production run was performed in the constant number, pressure and temperature (NPT) ensemble using the Nose-Hoover thermostat (55, 56) and the Parrinello-Rahman barostat (57, 58) with relaxation times of 1.0 ps. Each independent production run was started with a different set of assigned velocities corresponding to 300 K. The atom coordinates of the trajectories were saved every 1 ps; three independent production runs for each system (WT, PKC, and RCM) were carried out for 150 ns each.
Data Analysis-All data are presented as mean Ϯ S.E. Each individual force-calcium and ATPase-calcium relationship was fit to a modified Hill equation.
where Y is either the force or the ATPase parameter, Y max is the Ca 2ϩ -saturated maximum that Y can attain, n H is the Hill coefficient (an index of cooperativity), and EC 50 is the [Ca 2ϩ ] at which Y is half-maximal (an index of myofilament Ca 2ϩ sensitivity). ⌬EC 50 was calculated as the difference in EC 50 at SL ϭ 2.0 and 2.3 m (an index of myofilament LDA). The impact of SL on the force- [Ca 2ϩ ] relationship in WT troponin-exchanged muscles, both in terms of absolute force (left panel) and relative normalized force (right panel), is illustrated in Fig. 1C .
Statistical Analysis-Statistical analysis was performed using Systat 13 (Systat Software, Inc.). The statistical analyses of the force/ATPase- [Ca 2ϩ ] fit parameters were performed in all groups by one-way analysis of variance as appropriate. Statistical significance was defined as p Ͻ 0.05. 
